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SW'lyLARY 


Tbe opei'ating temperatures of sodium-cooled exhaust valves in 
a liquid- cooled cj’^linder were investigated for a large variety of 
e.rglne conditions by means of a thermocouple embedded in the valve 
head. Measurements were also made of the exiiaust-gas and the 
cylinder-head temperatures. Only one of the six cylinders in a 
multicylinder bloc:; was firod for these tests. 

The engine operating variables that affected the valve tom- 
pei’sture moat for a given percentage chaiig;e in the oijerating variable 
were: (a) fuel-air ratio, (b) indicated moan effective pressure, 

(c) compression ratio, and (d) sparlc advance (for greatlj- advanced 
or retarded pjositions). Injection of internal coolants (vrnter or a 
mixture of 50 percent water and 50 percer.t alcohol) at a constant 
indicated mean effective pi'essiii’e decreased the valve temperature 
for a fuel-air ratio richer than stoichiometric although the use of 
on equal weight of additional fuel was more effective; for a fuel- 
air ratio leaner than stoichiometric the injection of water alone 
decreased the valve temperature hut the injection of a mixture of. 
water and alcohol increased the valve temperature at all except the 
highest ratios of internal coolant to fuel. An increase in external 
cooling was not an effective raea.ns of lowering valve temperatvure. 

Valve-temperature measurements revealed that corrosion and 
deposits on the surface of the valve head cdTected its temperature 
at the engine conditions tested. Operation at a measured temperature 
above 1500° F was possible without preignition when a valve with a 
nonscaling (Nichrome-coated) head was used but preigiiition was 
encountered at a measured tempei-atui-e of about 1350° F when a valve 
with scale on the bead (uncoated head) was used. The temperatiire 
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distribution around the valve head as measured by the thermocouple 
vas not unifonu; the temperatui’O was hi^^hest on the portion of the 
valve head nearest the exhaust spark plug. 


IIOTRODUCTION 

An investigation has been conducted at the NACA Cleveland lab- 
oratory to determine the effect of engine operating variables on the 
exhaust-valve temperatures of a llq,uid-cooled aircraft-engine cyl- 
inder. This investigation was given impetus by the occurrence of 
preignition in cylindei-s of this design on several occasions at 
this laboratoi'y. The pre ignition was thought to be caused by over- 
heated exhaust valves. Previous investigations of exhaust-valve 
temperatures have had a somewhat limited scope in that only a few 
operating variables were examined; in this investigation a large 
number of operating variables were explored over wide ranges. Meas- 
urements of the operating temperatures of both Ni chrome- coated and 
uncoated exhaust valves^ and of the temperatures necessary to induce 
preignition were included. Exliaust-gas and cylinder-head tempera- 
tures were raeasured to show their relation to the exhaust-valve 
temperature . 

The valve -temperature measurements wei'e made with a thermocouple 
embedded in the valve head. This method had been previously used to 
measure the temperature at the center of the crevm of a hollow-head 
sodium-cooled valve. (See reference 1.) The engine used for the 
present tests was equipped with tulip-ty|>e valves having sodium- 
filled stems. In a valve of this design the hottest part of the 
%’Bive head is between the stem^ which is cooled by the action of the 
sodium^ and the outer edge, which is cooled by the contact with the 
seat. The tlierruc couple was installed in a position estimated to be 
the hottest part. Only one of the six cylinders in a multicylinder 
block was firod fox’ these tests and only one of the two exhaust valves 
in the cylinder was px’ovided with a thermocouple. 


APPAMTUS 
Engine Setup 

Engine. - The tests were conducted on a single-cylinder engine 
using a liquid-coded multicylinder aircraft-engine block adapted to 
a CUE crankcase. (See reference 2.) The cylinder bore is 5.5 inches; 
the stroke 6.0 inches; the displacement is then 142.5 cubic inches. 
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Tho normei compression ratio of this engine is 6.65. An electric 
dynaiuometer absorbed the engine power and an MCA balanced-diaphram 
dynamometer- torque indicator (reference 3) measured the torque. The 
test engine was lubricated with Nary 1120 oil and was cooled with a 
mixture of 30 percent AN-E-2 ethylene glycol and ?0 percent water by 
volume . 

Induction system. - Combustion air was supplied from the cen- 
tral laboratory system th.ror.gh a pressure- regulating valve, a thin- 
plate orifice, and an electric beater to tlie surge ta.nl: ahavm in 
figure 1. The fuel and internal coola.nts (when used) passed ti-roiigh 
calibrated rotameters and then were injected at the entrance to a 
vaporization tari throiigh which, the mixture passed before induction 
Into the cylinder. (See fig* !•) Tbe vaporization tanl: was baffled 
to promote vaporization and thorough mixing of the fuel, the internal 
coolant (when used), and the air. Inlet-aj.r temperature was measured 
at the exit of the spurge tanl: and mixture temperature was measurod 
neai’ the exit of the vaporization tanl:. The inlet-jair-pirossure tap 
was located i.u the inlet elbow near the cylinder port, 

B:cbauat systesm. - Tlve oxlo-aust gases passed through a short 
water- jacketed pipe into a silencer and then through a 4-inch pipe 
to a 24-inch header. Tloe pressure in the header was mai.ntained at 
about 4 inches of water below ataosphex-ic, w'hich gave an average 
pressure at the entrance to the silencer of 30 ±1 incheo of mercury 
absolute foi’ all of the tests except that with variable exhaust 
pressure. Dva-lng this test the 4- inch, exhaust pipe was co.nnected 
to the central laboratory aitiuude- exhaust system and the exlxsust 
pressure was conti-olled by valves in this system. E:‘:haust-pressxre 
meamrements were made in the silencer near the e.utrance. 


Thermocouple installations 

Exhaust- valve thermocouple . - Tloe exhaust-valve-thermocoxiple 
installation used is shown in .figure 2. Stock soditmi-ccoied valves 
with a stem di,ameter of 5/8 inch ?.nd a head diameter of 1^ inches 

were used for all tests. The tiiermocouple juncticn was forr^^ed in 
the valve head at a poi.nt s/l6 inch from the centei’ by joini.ng a 
constantan wire with the valve steel. The const.antan wire and a 
stainless- steel stem vrere ex:tended fi’om the valve to a position 
outside the cylinder where the thermocouple circuit was completed. 

The thenaoelectric potential in most tests w^as measured by a portable 
potentiometer with balance of the potentials indicated by a light- 
beam galvanometer. In some tests a self-balancing potentiometer was 
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used. Tlie stainless steel used for th,e extended steii! had a neglicihle 
thermoelectric potential when joined with the steel of the valve stem. 
Because of the design of the one-wire thermocouple, electrical circuits 
parallel to the vaive-stee]. and constantan circuit occurred from the 
valve seat through the aluminuia cylindei- head and the hronze valve 
guide to the valve stem or to the valve- spring retainer and then to 
the valve stem. The error in.troduced hy the possible circulating 
ciArrents was investigated in bench tests foi’ a one-wire thermocouple 
installed in a hollow-head sodium- cooled valve (having the same metal 
composition) of an air-cooled cylinder and was foimd to he negligibl.e 
(reference 4). The error introduced in the iresent therrmo couple 
measurements is also believed to be negligible. 

A thermocouple was installed in each of four exhaust valves. Two 
of these valves (valves 1 and 2) had uncoated heads and the other two 
(valves 3 and 4) had Wicijrome- coated heads. The valve material is a 
high chrome-niclcel austenitic steel, AIlS-5700, and the Wichrome coat- 
ing is a nickel-chrome alloy, jU>'S- 5682, which is used primc-rily as a 
corrosion-resistant coating. The thermocouple installation for 
valve 3 differed from that for the other three valves in that the 
extended stem was designed for intermittent rather than sliding con- 
tact with the external circuit. This valve was used to check the 
thermocouple readings of a valve with sliding contacts in order that 
the presence of stray electromotive foi-ces due to the sliding contacts 
could be detected. Wo appreciable discrepancies were observed. 

Calibration cuinres for the four valves are sho'.-m in figure 3. 

The points for valve 2 (uncoated) were obtained after more than 
50 hours of operation in the engine, including a momentary tempera- 
ture as high as 1670° F. These points coincide with the curve for 
valves 1 and 3, which were new at the time of calibration, Tiie 
curve for valve 4 is slightly difi’erent; a variation in the thenrjo-- 
electric propei’ties of the steel valve stjpck may account for this 
deviation. 


3xhau3t-gas thermocouple. - Sxhaust-gas temperatures vrero meas- 
ured near the center of the exhaust-gas pipe with, a guadruple- 
shielded chrcmel-alumel thermocouple (fig. 4). 

Cylinder-head thermocouple . - Measurements of cylinder-head 
temperatiu'es were made with a.n irc.n- constantan thermocouple installed 
in a hole drilled directly above the e:d]auat-sparl;.-piiug bushing to a 
point midway between the two exhaust -valve seats. (See fig. 5.) The 
results of previous tests i,ndicate this po_nt to be in the highest- 
tsmperaturo region of the cylinder head. 
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Ti:ST PBOCEDURE 

A 'baaic set of engine operating conditions vas chosen (approx- 
imately normal rated power conditions for the full-scale multicyl- 
inder engine) ; each operating variable was individually tested 
while the ethers were maintained constant at the basic value. The 
following table shows the basic values and the range through which 
each operati.ng vai-iable was tested: 


Operating variable 

{Basic 
1 value 

1 

i 

lEange investigated 

Fuel-air ratio 

1 0.065 

i 0.057-0.116 

Indicated mean effective pres- 

! 200 

141-294 

sure, Ib/sq in. 
Engine speed, rpm 

j 

1 2500 

1300-3000 

Spark advance, deg E.T.C. ; 

Lnlet 1 

1 

20 

10-77 

E:diauat 

.34 

16-63 

Hixturo tomporature, °T 

200 

87-274 

Outlet coolant temperature, °F 

250 i 

122-269 

Coolant-flow rate, gal, /min 

105 i 

'^5-129 

Exiiaust pressure, in. Eg 

30 

S-54 

absolute 

Compression ratio | 

6.65 1 

5.0C-9.75 


riuns were also made with variable engine speed with the indicated 
meaxi effective pressure adjusted to maintain constant indicated 
iiorsepower , 


In order to obtain information on exha,ust-valve tenperatui’es 
encointored dviring high-output operation,, additional runs were made 
at an engine speed of 300C z*pm (which is take-off rated speed for 
the full-scale engine) with an indicated mean effective pressirre of 
300 pounds per squnre inch, (which is approximately 25 percent 
higher than the rated take-off indicated mean effective pi-essure 
for the fu.ll-Gcale engine; and a mixture temperatiure of 130® F. 
Temperature measurements were made as the fuel-air ratio was varied 
from 0.03 to about 0.11. This power level was the highest attainable 
’.Titbout knock in the fuel-air-ratio range investigated with the fuel 
used. 


Tests with internal coola.iats were run at two fu3l-a.ir ratios, 
0,085 and 0.06, with reties of internal coolant to fuel from. 0 
to about 1.0. Tiie inlet-air tenpex’ature was adjusted to give the 
basic mixture temperature (200° F) with nc internal- coo lent flow 
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and 'ma hold conatant aa the internal coolants were in.^ectod. The 
internal coolaxxta used included water and a mixture of 50 percent 
water and 50 percent ethyl alcohol oy volurae (referx*ed to herein as 
"water-alcohol mixture"). The ethyl alcohol was denatured with 
5 percent methyl alcohol. 

With the exception of the teats with Yariaole compression ratio, 
23-E fuel was used (minimum-quniity specification AIJ-F-28), the com- 
pression ratio was 6.65, and the inlet -oil temperature was 135° F. 
Because 23-E fuel knocked at the highest conpreasion ratios tested, 
a fuel hlend of 90 percent triptane and 10 percent henzene vrith 
3.6 milliliters TSL per gallon was used for the compression- ratio 
tests. The use of this fuel blond resu?rbed in cylinder temperatures 
approximately equal to those obtained with 23-E fuel at basic 
conditions . 


Friction runs (which wei-e required to corapute indicated mean 
effective pressure) were made bj motoring the engine at test condi- 
tions with no fuel flow. Friction readings wore taken as quickly 
as possible after a period of firing. 


ESSULTS DI3CTJSSI0I; 

Temperature Tariations at Constant Engine Conditions 

Temperature distribution around exhaust-valve head. - The seal- 
ing qualities of a valve and the stress distribution in the valve 
be<ad depend in part on the temperature jjattern around the valve head 
under operating conditions. Because the exhaust valve rotates in 
its guid.e duri.ng the tests, this temperature pattern around the 
circle described by the thermocouple ^iimction could be determined. 

The rate of rotation vas about 1^ rpn at the baalc operating condi- 

tions; subsequent runs revealed that this speed is about normal for 
similar operating conditions wi.thout the thermocouple installation. 

With all the e.ng;i.ne conditions maintained at the basic values, 
temperature measurements were made ever3!- 45° as the valve rotated. 

A radial pattern of the results thus obtained is shown in figui’e 6. 

The maximum temperatin'e difference is about 70° F, with the minteum 
temperature directly opposite the maxlmimi. At engine speeds between 
2100 and 300G rpn, the difference between the maximxaa and minimuim 
valve texjperature changed as the engine speed was changed; an increase 
in engine speed resulted in a smaller temperature difference. Increas- 
ing the engine speed caused the rate cf rotation of the valve to 
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increase and at the high rates of rotation the time was probably 
insufficient for the temperature at the thermocouple junction to 
follow the fluctuations measured at the lower rates of rotation. 

At an engine speed of 2100 rpm this temperature difference ■^^as about 
100° F, whereas at 3000 rpm it was about 50° F. Between these two 
values the difference was approximately linear with engine speed. 

The angular location of the maximum temperature with i-espect to 
the cylinder head is also shown in figure 6. Several factors may 
cause one side of the valve to have a higher temperature than the 
other side; possibly the origin of the combustion near this side of 
the valve is riost important. Also of importance is the probability 
that more of the exliaust gases pass thi’ough the valve on the side 
nearer the cylinder wall because the path on this aide is more 
direct. Temperature variations ai-ound the valve seat would also 
influence the temperature variations around the valve head; no 
attempt was mads to measure the temperature distribution around the 
valve seat because of thermocouple -installation difficulties. Tests 
conducted on an air-cooled cylinder from a radial engine at the NACA 
Cleveland laboratory have shown that the temperature-distribution 
pattern around the valve seat is similar in shape to that for the 
valve shown in figure 6. The temperature pattern aroiuid the valve 
head and seat night have been diiferent, however, bad all six cyl- 
inders in the raulticylinder bloch been fired. 

Because the maximum temperature during rotation of the exliaust 
valve is of most importance with reference to preignition, valve 
corrosion, and valve strength, only maximum temperatures are 
presented, except where otherwise noted. 

Effect of surface condition on exhaust-valve temperature'. - 
Frequent determinations of the exhaust-valve temperature were' made 
at the basic operating conditions. These measurements showed that 
the temperature varied as much as 50° F for the two valves with 
uncoated heads.. Tilion these valves were removed from the cylinder, 
scale and deposits were observed on the surface of the valve head. 
The surface condition of one of these valves (valve 2) after 
36 hours of operation is shown in figure 7. When this valve was 
cleaned of all deposits and scale and the seating surfaces were 
reground, the temperature at the basic engine operating conditions 
was found to have increased about 50° F above the temperature 
measured just before the cleaning and reseating. Evidently, the 
scale and deposits acted as an insulating layer and when they were 
remo%-ed more heat was ti-anaferred from the hot cylinder gases to 
the valve. An investigation made at this laboratory on an air- 
cooled cylinder has shown that the amov.nt of corrosion and deposits 
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on micoated exliaust-^'alve lieads varies with power output, which may 
account for much of the variation of valve temperatiures at the basic 
operating conditions after periods of varlehle engine operation. 


Effect of Engine Operating Variables on 
Exiiaust-Valve Temperature 

Fuel-air ratio. - The valve temperatui’e reacts to changes in 
fuel-air ratio in the manner characteristic of most cjlinder-head 
temperatures (fig. 8). For the test at an engine speed of 2600 rpm 
and an indicated mean effective pressure of 200 pounds per square 
inch (approximately normal rated power output), the maximum tempera- 
tui'e of 1254° F occurred at a fuel-air ratio of about 0.088, with a 
rapid decrease in temperature as the mixture was leaned or enriched 
from this value. 

Sxiiaust-gas and cylinder-head temperatures are also shoum in 
figure 8 for comparison. Because the exiiaust-gas thermocouple 
(fig. 4) had not been installed when the valve and cylinder-head 
temperatures were obtained, the exhaust-gas temperatures were 
obtained later; the data from this repeat test are shown as a dashed 
line in figure 8. 

Tests made at high power output with th.e iBixt’ore tempei'ature 
lowered to avoid loiock are also presented in figure 8. The maximum 
valve temperature was 1336° F at the test conditions noted. 

Ind icated mean effective preasi.ire. - The rate at which the 
e'iaust- valve temperature increased with increasing indicated mean 
effective pressure is shown in figure 9. The relation is not quite 
linear: the higher the power level, the lower the rate of tempera- 
tui'e inci’ease. At the basic conditions (indicated mean effective 
pressure, 200 Ib/sq in.), the valve temperature Increased approxi- 
mately 1.2° F for an increase in ihcLicated mean effective pressure 
of 1 poiuid per square inch, which, is equivalent to a valve- 
temperature i.ncrease of approximately 2.6° F per horsepower. The 
corresponding rates of Increase for exhaust-gas and cylinder-h.ea,d 
temperatures ai'e about 1.4° and 1.2° F per horsepower, respectively. 
Exhauat-valve-temperature data for an air-cooled cylinder in refer- 
ences 4 (fig. 9) and 5 (fig. 12) show that the rate of temperature 
change with indicated mean effective pressuu'e is about the same as 
the value given in this report, although the operating conditions 
were co.n 3 lderably different. The data for the air-cooled cylinder 
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also show that changes In valve and port design, w3iich changed 
valve- temperature levels as much as 200° F, did not appreciahlj' afTec 
the rate of temperature change with indicated moan effective pressure 


Engine sp eed. - Tlie variation of exhaust- valve temporaturo with 
engine speed when the indicated mean effective pressure is held coji- 
stant is shorn in figure 10. At the basic condition of 2600 rptii, the 
valve temperature changed approximately 4.5° F per 100- rpm cha.nge in 
engine speed or 1.3° F per horsepower. The exhaust-gas and the 
cylinder-head temperatiu’es changed about 2.0° and 0.6° F per horse- 
power, respectively, at the same conditions. A comparison of these 
values with those obtained from flg’xre 9 is shown in the folloring 
table: 


Operating yaria'ble 

1 

Basic value ! 

- ‘ -u- i 

oi variabj.e j 

i 

' Slope of curve at 

[ basic conditions 

j (^^%) 

Exlaust 1 
valve 

I Exhaust 
jgas 

Cylinder 

head 

Indicated merni 

200 Ib/sq in. 

1 o ^ 

: 

1.4 

1.2 

effective pressure 





Engine speed 

2600 rpij 1 

i 1 

2.0 

• 6 


For a given change in power output, the valve and cylinder-head tem- 
peratures were affected loss and the exhaust-gas terjpe-rature was 
affected more when the cha.nge in power outpiut was caused by a change 
in ei'igine speed than when ca,used by a change in indicated mean 
effective pressure. 

Wnen the engine speed was increased and the indicated horse- 
power maintained constant, the valve temperature decreased (fig. 11). 
The cylinder-head temperature also decreased Ojut the exhaiist-gas 
teioperature increased. A brief analysis vaLli show that these trends 
are in accordance with the indica.tions of figures 9 and 10. 

Although the valve tempeiaturo changed somewhat \rith engine 
speed at constant indicated horsepower, a corroleticn, wnicn has a 
maximum variation with test data of ±30° F, has been derjlved that 
expresses the valve temperature as a fiinction of indicated horse- 
power for various fuel-air ratios (fig. 12). For this correlation 
the average valve temperature was used and was assumed to be halfway 
between the maximum and minimum valve temperature for each data 
point. Because the rate of valve rotation varies during operation 
at different engine speeds, it may be expected uo influence the 
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values of maxiiauiD and minimiiai valve temperature. In this correlation 
the average teaiperat'ore was cliosen to relate the variables tested 
rather than the maxiaivn temporatui'e "because it more closely repre- 
seu.ts the over-all effect of heat addition to the valvo head regard- 
less of the rate of valve rotation. Data >7ere taken from the runs 
of figures 8 to 11 and from tvo additional runs with varia"blo fuel- 
air ratio. A three-dimensional plot (fig. 12) was made to represent 
the average valve- temperature data, using a linear scale for fuel- 
aii’ ratio and logarithmic scales for valve temperature and indicated 
horsepower. These logarithmic scales permit the variation of valvo 
temperature with indicated horsepower to be represented by straight 
lines. "Within the engine- speed range of 2100 to 3000 rpm, this plot 
may be used to estimate the average valve temperature for various 
values of indicated horsepower and fuel-air i’atio. The maximum 
valve temperatiure maj/- be obtained by making an addition to the aver- 
age temperature ranging linearly from 50^^ F at 2100 rpm to 25° F at 
30o0 rpTii . 

Spark advance. - The effect of spark adva.no e o.n the exh.aust- 
valve temperature at co.nstant indicated power is Tjresanted in fig- 
ure 13. Those data show that the valve temp-erature is lowest at a 
spark advance of approximately 26° and 32° 3.T.C. for the inlet and 
the exhaust, respectively. Advanci.ng or retarding the spai’k from 
this point increased the valvo temperatiuro. This min.iiaum point 
occurred at a spark advance noar the peak-power value for these 
operating co.nditio.ns. The value of peak-power spark advance was 
determined bj'' noting the spark advance at which maximum power was 
obtained for a constant manifold pressure. 

Data from two different valves were used to obtain the exhaust- 
valve- temperature curve of figure 13. At values of spark advance 
above 56° and 64° B.T.C. (inlet f^nd exiiauat, respectively), preignl- 
tio.n occurred with the uncoated valve; this condition necessitated 
the use of a valve ^d.th a Ni chrome- coated head (valve 3) to obtain 
data at higher values of spark advance. The data from these two 
valves showed sufficient agreement to be represented hy a single 
curve. (See fig. 13.) 

The variatio.ns of exh.aust-gas and cj^linder-head temperatures 
with spark advance arc also shewn in figure 13. The minimum p)oi.nt 
for the exhaunt-gas-temperature curve occurs at a spark timing 
slightly aduaanced from the peak-power position; the minimum pioint for 
the cylinder- head- temperature cua’ve is retarded from the peak-povei- 
j'osition. The spark advance for mi.nimum temperature of the exhaust 
valve was about midway betweesn those for minimum temperatures of the 
e^diaust gas and the cylinder head. 
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Iflx ture t empe r atu re. - The effect of mixtiore temperature on 
exliaust-vaive temperatui’e at constant indicated power is presented 
in fi,;5ur6 14. The relation is linear; the valve temperature 
chani^ed about 23° F per 100° F change in mixpure temperature. 

The temperatures of the exhaust gas and cylinder head also 
varied linearly with mixture temperature. The exijaust-gas temper- 
ature varied about 25° F and the cylinder-head temperature about 
8° F, reapectivelj", per 100° F change in mixture temperature. 

Outlet coolant temperature. - The tests at various outlet 
coolant temperatures revealed that an increase in external cooling 
had a relatively small effect on the exhaust-valve teaperatiure. 

The valve temperature changed linearly with coolant temperature at 
a rate of about 34° F per 100° F change in coolant temperature. 

(See fig. 15.) The corresponding rates of change for exhaust-gas 
and cylinder-head temperature were about 14° and 80° F, respectively, 
per 100° F change in coolant temi:ei’ature. 

Coolant -flow rate . - The exl'jauot-valve temperature was unaf- 
fected by the flow rate of external coolant in the range tested. 

(See fig. 16.) The exliaust-gas temperature was also unaffected 
and the cylinder-head temperature, only very slightly affected. 

The normal coolant flow is so great that little additional cooling 
resulted from any reasonable increase. 


Exhaust pressure. - As the exhaust pressinro was Increased, the 
ejchaust- valve temperature also increased. (See fig. 17.) The tem- 
peratiire rise was about 2.2° F for a rise in exhaust pressure of 
1 inch of merciury. The exhaust-gas and cylinder-head temperatui’es 
also increased with exhaust pressure; the rates of Increase are 
2.1°a.nd 0.4° F per inch, of mercury, respectively, at basic condi- 
tions. The temperature rise in each case may be attributed to the 
decreased expansio.n of the exhaust gases a.nd the possibility that 
less fresh, charge is blown through the cylinder during the valve- 
overlap period. 

Compression ratio . - The exl',a,ust- valve temperature decreased 
rapidly as the compression ratio increased from 5.00 to 8.00, but 
decreased more siow?_y with a further increase in comijrossic.n ratio 
(fig. 18). As the compression ratio was increased from 5.00 to 9.75 
the total drop in va].ve temperature was i.30° F. For this same 
change in compression ratio the exha-ust-gas temperature dropped 
about 310° F and the cj’lJnder-head temperature decreased about 30° F. 
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This decrease in cylinder -head teiriperature with increasing compres- 
sion ratio may he explained hy the fact that the temperatui’e at the 
cylinder-head-thermocouple location "between the exhaust-valve seats 
(fig. 5) is influenced by the temperature of the exhaust gas. 

Comparison of effects of engine operating variables. - In order 
to facilitate a comparison of the effects of operating variables on 
the exhaust-valve temperature, the curves showing these effects have 
been superimposed in figure 19. The individual curves have been 
vertically adjusted to pass through a commoii point. This point rep- 
resents the approximate average of a large number of chech deterrain- 
ations at the basic opei’ating condition, /oiy variation in a temper- 
ature lueasurement at this basic condition was caused by scaling of 
the valve head, deposits on t?ie valve head, distortion of the valve 
head, and experimental error. Very little adjustment In temperature 
(2"^ to 9'^ F) \raB necessary to make most of the curves pass through 
this point but in one case (variable spark advance) an adjustment of 
23° F was made. In two other cases (ifariable compression ratio and 
variable exhaust pressure) an adjustment of 13° F was necessary. 

This composite plot shows the effect of any operating variable 
tested on exhaust-valve temperature in comparison with the effect 
of any other operating variable. The exhaust-valve temperature 
changed most i-apidlj’ for given percentage differences in fuel-air 
ratio, indicated mean effective pressure, compression ratio, and 
spark advance in the greatly advanced or rotai’ded position; changed 
less rapidly for given percentage differences in exhaust pressure, 
mixture tomperati.iro, coolant temperature, spark advance in the 
normal range of settings, and engine speed (at constcint indicated 
horsepower and at constant indicated mean effective pressure); and 
was unaffected by any chsngo in coolant flow for the range tested. 

Int ernal coolants . - The data for internal- coolant injection 
at fue2.-air ratios of 0.085 and 0.06 are shovm in figures 20(a) and 
20(b), respectively. In figure 21(a) the ei'fects of water injection, 
watcr-alcoliol injection, and "mixture enrichment vrith fuel on the 
temperature of the exlaaust gas, the exliaust valve, and the cylinder 
head are compared for a fuel-air ratio richer than stoichiometric 
(0.065), Tlie curves for fuel ernichment have been verticalj.y 
adjusted from tho fuol-air-ratio curves shovm in figure 8, (engine 
speed, 2600 rpm.; indicated mean effective pressure, 2CD Ib/eq. in.) 
to pass tiiTough points representing the approximate average temper- 
ature of a large number of check determinations at the basic operating 
conditions. Ihe curves fdr internal coolants have also been 
vertically adjusted a small amount to pass througli the average 
temperature at the basic condition. From this basic condition, the 
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two coolants sIicTm were injected at increasing i-ates up to coolant- 
fuel ratios of about 1.0. These curves show that mixtr.re enrich- 
nent with fuel was considerably more effective as a coolant than 
the use of cither water or the water-alcohol raixture. If water or 
a water-alcohol mixture is necessary for ^aiock suppression^ however, 
and if all other conditions are equal, less external cylinder 
cooling 'VT’culd be required with the use of the water-alcohol mixture 
than with the use of the water miscture. The greatest difference 
between these two coolants was in their effect on the exhaust-gas 
teraperat’ure . Vater injection cooled the exhaust gas very little; 
whereas the water-alcohol mixture cooled it appreciably. Two causes 
are appai-ent fur this effect; (l) The alcohol is a fuel and there- 
fore effectively enjriches the mixture; and (2) Unpublished tests on 
this engine have shcnm tlmit water slows the burning more than a 
water-alcohol mixture, thereby increasing the exiiaust-gas temperature 
by effectively retarding the ignition timing. (See fig. 13.) 

The foregoing results on the relative effectiveness of water 
injection, water-alcohol injection, and mix'cure enrichment with 
additional fuel apply only if the fviel-air ratio is richer than the 
stoichiometric mixture. If the fuel-air ratio is leaner than 
stoichiometric the effect of internal-coolant injection becomes 
quite different, as shown in figure 21(b), when the internal coolants 
are injected at a basic fuel-air ratio of 0.06. The internal-coolant 
curves were again vertically adjusted a slight amount to meet at the 
basic condition. At this fuel-air ratio water was the best coolant 
in the lower flow region, whereas additional fuel was the best when 
large flow rates were required. ¥h.@n the watez'-alcohol mixture was 
used, the temperatures first rose and then declined gradually as 
Eiore internal coolant was added. The effect of the water-alcohol 
mixture was to enrich the fuel-air mixture toward stoichioiiietric 
until a coo?.ant-fuel ratio of about 0.47 (calculated stoichiometric 
mixture) was reached because alcohol is a fuel; a further increase 
in coolant-fuel ratio enriched the fuel-air mixture beyond stoichi- 
omotric and decreased the temperature. Up to a coolant-fuel ratio 
of 1.0, the cylinder temperatures associated with water-alcohol 
ihjection remainod substantiallj’’ higher than with water alone. 

With water injection at high flow rates, the exhaust-gas 
teiuperature began to rise quite steeply as the rate of wator injection 
was increased (fig. 21(b)). This rise was caused by the slower burning 
accompanyij^f? 'tao water injection as proved by obtaining a curve with 
the spark advanced to the peak-power value for each point. When the 
engine was operatod in this manner, the exiiaust-gas temperature 
continued to decline as mere water was injected at high flow rates. 
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Exhaust -Valve TeKporatures at Nliich Preignition Was Encountered 


Preif^nition vas encounterec. twice during the course of this 
investigation and ttois detected 'by an ahnomial rise in cy].inder tempex’- 
8.ture. The exlxaust valves and sparh plugs are the onj..y probaD].e 
sources of preignition in this engine; hecause cold-operating sparh 
plugs were used, the px’oignition probably ox’iginated at the exhaust 
valves. Subseguent inspection x’evealed that the vaj.ve with the thexvao- 
couplo was most lihely the source in both cases because of much 
greater scalirig of the head. 


When the data for tjxe spark-advance cui’ves of figure 13 were 
obtafned, the tests wex-e started with an uncoat od valve that had 
just been cleaned of al.l scale and deposits. With this clean valve 
no difficulty was oiicounterod when the tompoi’aturo reached 1365^ P. 
;xftor operation for about 6 hours at various conditions on another 
part of the- tost prograjj:, preignition was encountered at 1345“ F. 


After this case of preignition the valve tcxipcratiu’e for given 
operating conditions was found to be consistently highor tlian when 
the valve was fix-st installed. Upon oxanination the valve was found 
to leak more than usual, pi-obably because of poiTEanent distortion 
of the valve head when subjected to the higii temperatures associated 
with px-eign.it ion, T.ho consistently higiier tempex-atures for the 
check points of figure 13 are attributed to this leakage. 


A few houi-s later preignition was again encountered with this 
valve and this time it was allowed to continue for sevei-al minutes. 
At the stai't of proignition the valve tompex-aturo was 1350° F and 
it rose rapidly as px-cignition advanced. Ivlxen the valve roachod a 
temperature of about F (oxtrapol.ated on calibration curve, 

fig". 3) a large drop in engine power v^as noted. \>Ihon the engine 
was discssemblcu, the valve was found to have a portion of the head 
melted away within about l/2 inch of the thermocouple junction 
(fig. 22). The head of the valve with the thermocouple was badly 
scaled; whereas the head of the other exhaust valve was in good 
condition. 


Tompex’aturos slightly above 1300° F ( ox:trapolatod on calibration 
cr,i-ve) vroro measured without preignition when a valve with a Niolirome- 
coated head was used. Eeferonoo 6 points out that an austenitic 
valve steel, similar to that used in mho valves for this investi- 


gation, and stellite aro px-obably prone to load attack at tompex-a- 
turos above 1330" F, whereas a nickol-cliromo alloy, similar to tho 
Niclxrome coating on the px-osont valve heads, was found to resist 
rapid load attac]; up to about 1550^ Fo A luixturo of load oxide and 
iron oxido was bollovod to form an insulating layer on tho surface 
of uncoatod valvos that induced preignition. Tho foregoing results 
indicate that the scale and deposits, which foiviod on the head of 
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tile uncoated valve, prolably reached a temperature sufficiently high 
to cause preignition, whereas the temperature of the valve steol as 
measured by the thermocouple remained substantially below this temper- 
ature. Because the Nichrome-coated valve did not scale at the temper- 
atures encountered in the test engine, the temperatiuue of the surface 
eoiposed to the combustion chamber was probably not much greater than 
that measured by the thermocouple and preignition did not occur. 

The destructive tendencies of preignition can be appreciated by 
noting the effect of abno3mia.l spark advance on temperatures shown 
in figure 13. The high temperatures resulting from preigiition well 
advanced from noimial spark timing may cause valve distortion, scaling, 
and improper seating with consequent burning of the valve head. 


ACCUPACT AirB PRECISION 

Accurate measurements of the temperature of the exhaust-valve 
head during ca3.ibratlon were obtained by means of a standard thermo- 
couple spot-welded to the TOlve head. The valve head was heated in 
an electric furnace but the stem projected through a hole in the 
fui’nace and was coo.led by an air blast. The external thermocouple 
contacts used for calibration were those used for obtaining actual 
test data on the engine. The static calibration is believed to be 
accurate within 5° P. Errors caused by heat conduction along the 
thermocouple wire may be as high as 25*^ F. The error introduced by 
using the one-wire thermocouple because of circulating currents and 
the eiror due to stray electromotive forces at the sliding conte.cts 
are believed sma?i.l enough that the measured temperatures are probably 
within 40° F of the true values. No account has been taicen, however, 
of an;^'’ changes in the iiea.t-transf er characteristics of the valve that 
may have been caused by the thermocouple installation. 

The exliaust-vaive temi3erat)0j;’e as measured by the thermocouple 
dra’ing engine opoi-ation \ms affected by the surface condition of the 
valve head and by the conformity of the valve seat to the seat 
insert in the cylinder block to such an extont that the measured 
valve temperature varied as much as 50° F at the basic engine 
conditions. 1/hon preignition had boen encountered, the valve temper- 
ature at the basic conditions was abnormally high. For those reasons 
the data cannot always be compared from one tost to another. For each 
individual test, howevor, tho running time averaged onlj’’ about 1 hour 
and the reproducibility of data was found to be within 15° F. 

The Gxliaust-gas thermocouple did not measure the true gas tompor- 
aturo but merely indicated tho teiaporaturo that may bo attained by an 
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eii^ino part subjocted to the flov of oxliaust gases at t’ne sarne position 
In'^tiio pips and at the aaiae cooling conditions. Most of the trends 
indicated hy the exhaust-gas teaporatures as measured, howerer, 
prohahly hold for hoth the total temperature and the static teraperature . 


SUIWiBY OF EESULTS 


Measui'ements of the temperatures of sodiura- cooled ejihaust valves 
in a liquid -cooled cylinder hy aieans of a thenaccouple embedded in the 
valve head indicated that : 


1. For a given percentage change, the folloving engine operating 
variables affected the valve temperatui-e most; (a) fuel-air ratio, 

(b) indicated mean effective pressure, (c) compression ratio, and 

(d) spai'h advance (fer greatly advanced or retarded positions), 

2. At fuel-air ratios richer than stoicinioioetric and at constant 
moan effective pressure, the addition of water or a mi:cture of 50 per- 
cent water and 50 percent alcohol deen’eased the valve temporat’.u’e; 
ho\T 3 ver, the use of an equal weight of additional fuel vas more 
effective. 


3. At fuel-air ratios substantially leaner than stoichiometric 
and at constant mean effective pressure, the inflection of a mixture 
gP •^.^a.'ter and alcohol increased the vaive tempera oure ao all except 
the highest ratios of internal coolant to fuel tested. The injection 
of water alone, however, decroased the valve temperature. 

4. External cooling was not an effective means of lo^rering the 
valve temperatinre . 

5. Tho siarface condition of the valve head affocoed the operating 
temperature. Surface scale and deposits lonacd an insulating layer 
that apparently reached temperatures substantially higher than the 
temnorature of the valve head. Operation at a measured temperature 
above 1500-' F was possible without preignition when a vaive with a 
nonacaling ( la clirome- coated) head was used; preignition was encountered, 
however, at a measured temperature of about 1350° F with a valve having 
scale on the uncoated head. 
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6. The temperature distribution around the valve head when one 
cylinder out of six in the multicylinder block was fired was not 
uniform; the temperature was highest on the portion of the valve 
head nearest the exhaust spark plug. The effect of adjacent operat' 
ing cylinders on the temperature distribution around the valve head 
was not determined. 


Aircraft Engine Research Laboratory, 

National Advisory Committee for Aeronautics, 

Cleveland, Ohio, Septerober 24, 1946. 
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Figure I. - Diagram of induction system used with single- 
cylinder adaptation of multicylinder aircraft-engine block 
to a CUE crankcase. 
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Figure 2. — Exhaust-vafve— thermocouple install at ion in the 

engine. 
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Figure 3. - Calibration curve for exhaus t“-valve thermocouples. 
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Figure 4 . 
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Figure 6. - Exh au st - v a I v e- 1 em pe r at u r e distribution as measured with t h e rmocou p I e at 

const an t indie at ed power output. Fuel-air ratio, 0-085; indie at ed me an effective 
pressure 200 pounds per square inch; engine speed, 2600 rpm; spark advance: inlet. 


B.T.C.; mixture temperature, 200^ F; 


28^ B.T.C.; exhaust 34^ 

ture, 250° F; coolant flow, 105 gallons per minute; exhaust pressure, 
c u ry absolute; compression ratio, 6.65; fuel, 28-R. 
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Figure 7. - Scale and deposits on head of valve 2 (uncoated) 

after 36 hours of operation. 
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Fig. 8 
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Fuel-air ratio 

Figure 8. - Effect of fuel-air ratio on temperatures of exhaust valve, exhaust gas, and 
cylinder head at two different engine conditions. Soark advance: inlet, 28® B.T.C.; 

exhaust, 34® B.T.C.; outlet coolant temperature, 250° F; coolant flow, 105 gallons 
per minute; exhaust pressure, 30 inches mercury absolute; compression ratio, 3.65; 
fuel, 28-R. 
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Figure 9. - Effect of indicated mean effective pressure on tempera- 
tures of exhaust valve, exhaust gas, and cylinder head at engine 
speed of 2600 rpm. Fuel-air ratio, 0.085; spark advance: inlet, 

28'^ B.T.C.; exhaust, 34° B.T.C.; mixture temperature, 200° F; 
outlet coolant temperature, 250^ F; coolant flow, 105 gallons per 
minute; exhaust pressure, 30 i.nches mercury absolute; compression 
ratio, 6.66, fuel, 28-R. 
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Figure 10. - Effect of engine speed on temperatures of exhaust valve, 
exhaust gas, and cylinder head at constant indicated mean effective 
pressure of 200 pounds per square inch. Fuel-air ratio, 0.085; 
spark advance: inlet, 28^ B.T.C.; exhaust, 34^ B.T.C.; mixture 

temperature, 200*^ F; outlet coolant temperature, 250^ F; coolant 
flow, 105 gallons per minute; exhaust pressure, 30 inches mercury 
absolute; compression ratio, 3.65; fuel, 28-R. 
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Figure I I. - Effect of engine speed on temperatures of exhaust 
valve, exhaust gas, and cylinder head at constant power output 
of 93.5 indicated horsepower. Fuel-air ratio, 0.035; spark 
advance: inlet, 28^ B.T.C.; exhaust, 34° B.T.C.; mixture 

temperature, 200° F; outlet coolant temperature, 250° F; 
coolant flow, 105 gallons per minute; exhaust pressure, 30 
inches mercury absolute; compression ratio, 6.65; fuel, 28-R. 
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air ratio. Spark advance: inlet, 28° B.T.C.; exhaust, 

34°'B-T.C.; mixture temperature, 200° F; outlet coolant 
temperature, 250° F; coolant flow, 105 gallons per minute; 
exhaust pressure, 30 inches mercury absolute; compression 
ratio, 6.65; fuel, 28-R. 
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Figure 13. - Effect of spark advance on temperatures of exhaust valve, exhaust gas, and cylinder 
head at constant indicated power output. Fuel-air ratio, 0.085; indicated mean effective 
pressure, 200 pounds per square inch; engine speed, 2600 rpm; mixture temperature, 200° P; 
outlet coolant temperature, 250° F; coolant flow, 105 gallons per minute; exhaust pressure, 

30 inches mercury absolute; compression ratio, 6.65; fuel, 28-R. 
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Mixture temperature, 

Figure 14. - Effect of mixture temperature on temperatures of 
exhaust valve, exhaust gas, and cylinder head at constant 
indicated power output. Fuel-air ratio, 0.085; indicated 
mean effective pressure, 200 pounds per -square inch; engine 
speed, 2600 rpm; spark advance: inlet, 23^ B.T.C. ; exhaust, 

34^^ B.T.C.; outlet coolant temperature, 250° F; coolant 
flow, 105 gallons per minute; exhaust pressure, 30 inches 
mercury absolute; compression ratio, 6.65; fuel, 28-R. 
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Figure 15. - Effect of outlet coolant temperature on temperatures 
of exhaust valve, exhaust gas, and cylinder head. Fuel-air 
ratio, 0.085; indicated mean effective pressure, 200 pounds per 
square inch; engine speed, 2600 rpm; spark advance: inlet, 

28° B.T.C.; exhaust, 34° B.T.C.; mixture temperature, 200° F; 
coolant flow, 105 gallons per minute; exhaust pressure, 30 
inches mercury absolute; compression ratio, 6.65; fuel, 28-R. 
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Figure 16. - Effect of coolant-flow rate on temperatures of exhaust 
valve, exhaust gas, and cylinder head. Fuel-air ratio, 0.085; 
indicated mean effective pressure, 200 pounds per square inch; 
engine speed, 2600 rpm; spark advance: inlet, 28*^ B.T.C. ; 

exhaust, 34^ B.T.C.; mixture temperature> 200° F; outlet coolant 
temperature, 250° F; exhaust pressure, 30 inches mercury absolute; 
compression ratio, 6.65; fuel, 28-R. 
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Exhaust pressure, in. Hg absolute 

Figure 17. - Effect of exhaust pressure on temperatures of exhaust 
valve, exhaust gas, and cylinder head at constant indicated power 
output. Fuel-air ratio, 0.085; indicated mean effective pressure, 
200 pounds per square inch; engine speed, 2600 rpm; spark advance: 
inlet, 23 ° exhaust, 34° B.T.C.; mixture temperature, 200° F; 

outlet coolant temperature, 250° F; coolant flow, 105 gallons per 
minute; compression ratio, 6.65; fuel, 23-H. ^ 
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Figure 18. - Effect of compression ratio on temperatures of exhaust 
valve, exhaust gas, and cylinder head at constant indicated power 
output. Fuel-air ratio, 0.085; indicated mean effective pressure, 
200 pounds per square inch; engine speed, 2600 rpm; spark advance: 
inlet, 28° B.T.C.; exhaust, 34° B.T.C.; mixture temperature, 200° F; 
outlet coolant temperature, 250® p; coolant flow, 105 gallons per 
minute; exhaust pressure, 30 inches mercury absolute; fuel, 90 per- 
cent triptane and 10 percent benzene, plus 3.6 ml TEL/gal. 
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Value of engine variable, percent of basic value 
Figure 19. - Comparison of effects of engine variables on exhaust-valve temperature. 
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(.a) Fuel-air ratio, 0.085; inlet-air temperature, 260° F. 


(b) Fuel-air ratio, 0.06; inlet-air temperature, 240° F. 


!nd i f internal-oooUnt Injection at fuel-air ratios of 0.085 and 0.06 on temperatures of exhaust yalve, exhaust gas, 

?«nn ^ at constant indicated power output. Indicated mean effective pressure, 200 pounds per aquare inch: engine speed 

2500 f. coolant flo., 106 gallons per minute; exhaust pressure, 30 Inches meroirrabsoluter 

compression ratio, 6.6d; fuel, 23-R. 


Tl 

iCt 

• 

K) 

O 


NACA TN No. 120 9 


Temperature » ®P 



-tS :t- 


-7S- 




-tV- 


zt- 


— r.o 0 
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(a) Fuel-air ratio, 0.085; inlet-air temperature, 260“ F. (b) Fuel-air ratio, 0.06; inlet-air temperature. 240° F. 

Figure 21. - Comparison of effects of internal-coolant injection and fuel enrichment at basic fuel-air ratios of 0.085 and 0.06 on 
temperatures of exhaust valve, exhaust gas, and cylinder head at constant indicated power output. Indicated mean effective 
pressure. 200 pounds per square inch; engine speed. 2600 ^m; spark advance (for all tests except water injection at peak-power 
spark advance): inlet, 28° B.T.C.; exhaust, 34° B.T.C.; outlet coolant temperature, 250 F; coolant flow, 105 gallons per 
minute; exhaust pressure, 30 inches mercury absolute; compression ratio, 6.65; fuel, 28-R. 
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Figure 22. 
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